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Abstract
Total loss of talus due to trauma or avascular necrosis, for example, still remains to be a major challenge in foot and ankle surgery with severely limited treatment options. Implantation of a custom made total talar prosthesis has shown promising results so far. Most important factors for long time success are degree of congruence of articular surfaces and ligamentous stability of the ankle. Therefore, our aim was to develop an optimized custom made prosthesis for total talus replacement providing a high level of primary stability. A custom made hemiprosthesis was developed using computed tomography and magnetic resonance imaging data of the affected and contralateral talus considering the principles and technology for the development of the S.T.A.R. prosthesis (Stryker). Additionally, four eyelets for fixation of artificial ligaments were added at the correspondent footprints of the most important ligaments. Two modifications can be provided according to the clinical requirements: A tri-articular hemiprosthesis or a bi-articular hemiprosthesis combined with the tibial component of the S.T.A.R. total ankle replacement system. A feasibility study was performed using a fresh frozen human cadaver. Maximum range of motion of the ankle was measured and ligamentous stability was evaluated by use of standard X-rays after application of varus, valgus or sagittal stress with 150
INTRODUCTION
Total loss of talus due to trauma [1] [2] [3] [4] [5] or avascular necrosis [6] [7] [8] [9] , for example, still remains to be a major challenge in foot and ankle surgery with severely limited treatment options [2, 4, 5, 8, 9] . Furthermore, collapse of the talar body as a complication of total ankle arthroplasty [10] , talectomy in infection and septic talus necrosis [11] or severe bone defects due to tumor resection [12] may result in the need for total talar replacement, especially in younger and active patients (Figure 1 ). Because arthrodesis of the ankle or the complete rearfoot as well as tibiocalcaneal fusion after talectomy can produce severe disability of the ankle and the foot, different study groups have already developed a prosthesis to replace the talar body [13] [14] [15] [16] or even the complete talus [10, [17] [18] [19] [20] . Lampert et al [12] and Ketz et al [21] combined a custom total talar prosthesis with the tibial component of a standard total ankle prosthesis, and Giannini et al [22] recently reported on a custom-made total talonavicular replacement in a professional rockclimber. Implantation of a custom made talar body [13] [14] [15] [16] or total talar prosthesis [10, [17] [18] [19] [20] in humans has already shown promising results so far. In 1997 Harnroongroj et al [16] was the first to report on a series of 16 patients treated by use of a quite primitive talar body prosthesis with has been implanted by a medial transmalleolar approach. Eight of nine patients who were evaluated 11 to 15 years postoperatively had a satisfactory result, which is quite comparable to the results reported after standard total ankle replacement at that period of time. The exceptional patient in this series had an unsatisfactory result because the prosthetic stem had sunk into the talar neck and needed revision surgery 13 years after the index operation [16] . Total talar replacement with a prosthesis was first performed in Japan in 1999. Several subsequent prosthetic design revisions have resulted in improved outcomes after prosthesis implantation [14] . Taniguchi et al [14] reported favorable results in eight of 14 patients after a mean follow-up period of 83 mo using a second-generation prosthesis which only partially replaced the talar body. As mentioned in their report, the third-generation prosthesis completely replacing the talus is currently recommended and has been associated with much better outcomes than the second-generation prosthesis [14] . Tsukamoto et al [10] first reported treatment of talar collapse after total ankle arthroplasty in a patient with rheumatoid arthritis by talar replacement with a third-generation prosthesis. However, this type of prosthesis still had a subtalar stem for fixation to the calcaneus by use of bone cement. Magnan et al [13] extended this procedure using a total talar prosthesis and combined it with the standard S.T.A.R. total ankle arthroplasty system (Waldemar Link, Hamburg, Germany) in a 45-year-old professional male skier and rock-climber. Stevens et al [17] even reported on a 14-year-old girl who underwent total talar replacement after an open talar dislocation. And again it was Harnroongroj to report on the largest series of 33 patients with by far the longest follow-up period of 10-36 years after implantation of a talar body prosthesis [15] . In this series published in 2014, 28 of the 33 prostheses were still in place at the time of final follow-up while five had failed prior to five years. Advantages of total talar replacement include preservation of joint mobility, a relatively short period of restricted weight bearing, rapid pain relief and preservation of limb length [18] . A native talus is wellseated within the ankle, fitted firmly between the tibia, the fibula, tarsal navicular, and the calcaneus. It has no muscular attachments and over 60% of its surface is covered with articular cartilage [17] . Therefore, stability of the talus or a total talus prosthesis, respectively, depends on the integrity of the main ligaments and on the adjacent bones that build up the ankle mortise and the subtalar joint as well as on the anatomical shape of the talus itself [16] . For example, early prosthesis failure occured as a result of size mismatch in two patients in the large series reported by Harnroongroj et al [15] . And according to Ando et al the procedure of total talar replacement carries at least a theoretical risk of anterior instability of the prosthesis, because the anterior talofibular ligament (ATFL) and deep deltoid ligaments are divided during the procedure [16] . To address this problem of ligamentous stabilization, Stevens proposed the addition of porous coating at the main ligamentous attachment sites of the ATFL and the deltoid ligament to provide improved stability [17] . According to this, most important factors for long time survival of a prosthesis for total talus replacement are degree of congruence of articular surfaces and ligamentous stability of the ankle and subtalar joint.
Therefore, to further improve the idea of total talus replacement, our aim was to develop an optimized custom made prosthesis for total talus replacement providing maximum possible congruence of the articular surfaces and a maximum high level of primary stability immediately after implantation. We introduced the use of preoperative magnetic resonance imaging (MRI) data and an internal bracing technique we had been using successfully for augmentation of severe ligamentous injuries of the foot and ankle since several years [22, 23] . The primary aim of this so called InternalBrace TM technique is reconstruction or repair of vital tissue rather than replacement with non-vital tendon transplants. The InternalBrace TM acts as a corner stone or check-rein to stability allowing physiological and limiting pathologic motion. Thereby this method applies the classical AO principles to soft tissues.
DEVELOPMENT OF AN INTERNALLY BRACED TALAR PROSTHESIS
A custom made hemiprosthesis was developed considering the relevant anatomical principles and the technology for the development of the S.T.A.R. total ankle prosthesis (Stryker) [24] [25] [26] [27] [28] . As we believed that a computed tomography (CT) might underestimate the real dimensions of the talus to be replaced, we added an MRI and calculated the mean dimensions of the talus between CT and MRI data to approximate the real dimensions of the talus as accurately as possible (Figures 2 and 3) . Most other authors only used X-rays and CT scans for designing the prosthesis [10, [15] [16] [17] [18] . In cases where the index talus has been severely destructed the prosthesis can be designed alternatively using the mirror image of the CT and MRI data from the contralateral ankle.
Additionally, four eyelets for fixation of artificial ligaments (Figures 4-8) were added at the correspondent footprints of the ATFL, the deltoid ligament and the interosseous talocalcaneal ligament (ITCL). We used artificial ligaments called FiberTape ® (Arthrex, Naples, United States) for performing the InternalBrace TM technique at surgery (Figures 9-13) . Two modifications can be provided according to the clinical requirements: A tri-articular hemiprosthesis in case of completely intact surrounding articular surfaces or a bi-articular hemiprosthesis combined with the tibial component of the S.T.A.R. total ankle replacement system 
SURGICAL TECHNIQUE
A feasibility study was performed using a 36-year-old male fresh frozen whole leg human cadaver. In the supine position, a straight skin incision was made according to a standard anterior approach to the ankle joint for total ankle arthroplasty ( Figure 14) . After opening the anterior capsule of the ankle joint, the talus was divided into five main parts by use of a chisel and completely resected. Then the bone tunnels were prepared at the anatomic Figure 14 A feasibility study was performed using a fresh frozen male human cadaver. A: Preparing of the bone tunnels at the anatomic footprints of the native ligaments for fixation of the artificial ligaments; B: All four artificial ligaments were shuttled through the bone tunnels before insertion of the prosthesis.
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footprints of the native ligaments for fixation of the artificial ligaments ( Figure 14 ). All four artificial ligaments for replacement of the ATFL, the deltoid ligament and the ITCL were shuttled through the eyelets of the prosthesis and through the bone tunnels before insertion of the prosthesis (Figure 14) . Then the prosthesis was inserted from anterior while steady tensioning the four artificial ligaments ( Figure 15 ). Figure 15B shows a view from anterior on the pre-tensioned ATFL. After insertion of the tibial component and the inlay of the S.T.A.R. total ankle prosthesis we performed an aperture fixation of the correctly pre-tensioned artificial ligaments at the anatomic footprints with an interference screw (SwiveLock ® 4.75 mm, Arthrex, Naples, United
States). Direct aperture fixation of the artificial ATFL and the deltoid ligament was performed at the distal fibula ( Figure 16A ) and the medial malleolus, respectively, and retrograde indirect aperture fixation of the ITCL at the calcaneus was performed percutaneously from plantar ( Figure 16B ).
FEASIBILITY STUDY
Correct implantation of the internally braced total talar prosthesis was technically possible via a standard anterior approach to the ankle and using standard instruments. Malleolar osteotomies were not required. Radiographic examination of the maximum range of motion of the ankle joint after internally bracing of the customized hemiprosthesis was performed. prevent tunnel widening by indirect aperture fixation at the subtalar joint performed percutaneously from plantar. Primary ligamentous stability of the internally braced total talar prosthesis was evaluated by use of standard X-rays after application of varus, valgus or sagittal stress with 150 N: maximum anterior displacement of the talus was 6 mm (Figure 18 ), maximum varus tilt 3 degrees and maximum valgus tilt 2 degrees ( Figure 19 ) resembling quite physiological ankle function.
ON THE HORIZON
Application of an improved internally braced custom made prosthesis for total talus replacement in humans is technically feasible, and first experimental results show a very high primary stability of the implanted prosthesis. Based on our results the described procedure might be a reasonable treatment option in carefully selected cases with no better alternatives left. Due to the quite low frequency of adequate cases, multicentric evaluation seems to be necessary to provide high quality scientific data of outcome results and possible complications after implantation of an internally braced prosthesis for total talus replacement. 
REFERENCES

A B C
Figure 19 Compared to the neutral position (A) maximum varus tilt was 3° (B) and maximum valgus tilt was 2° (C).
